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ABSTRACT
FATE OF NITROGEN FROM THE DISPOSAL OF POULTRY 
LITTER : A SIMULATION APPROACH
A computer program was w r i t ten  to simulate the t ransport of 
nitrogen a f te r  an appl icat ion of  pou l t ry  l i t t e r  to a pasture. The 
program was w r i t ten  in FORTRAN 77 to run on an IBM PC/AT or 
compatible personal computer or on a Sun SPARCSTATION. Simulation 
o f  water, solute and heat transport  was by f i n i t e  d i f fe rence.  
P a r t i t io n  o f  r a in f a l l  in to  i n f i l t r a t i o n  and runo f f  was by the SCS 
curve number method. A comparison was made of the computer model 
output with the resu l ts  o f  a f i e l d  experiment establ ished at the 
Main A gr icu l tu ra l  Experiment Stat ion at Fa ye t tev i l le .  Poultry 
l i t t e r  was appl ied at a rate o f  4 tons/acre to a Tal l  Fescue 
pasture. The so i l  was a Captina s i l t  loam. The tes t  covers the 
period from 13 October, 1989 u n t i l  30 June, 1990. The predicted 
runo f f  data were compared to the resu l ts  of the runof f  from the 
f i e l d  experiment. The computer model predicted s l i g h t l y  higher 
runof f  volumes over the en t i re  tes t  period than determined in the 
f i e l d ,  but captured the shape of  the monthly r a i n f a l l .  The pre­
dicted NH4-N concentrat ion released from the l i t t e r  fol lowed a 
f lush pattern between r a in fa l l  events. I t  was removed from the 
topsoi l  qu ick ly  by conversion to N03-N and plant  uptake. The 
predicted N03-N concentrat ion d i s t r ib u t io n  was higher than that  of  
the NH4-N during most o f  the tes t  period especia l ly  in the lower 
port ion of  the so i l  p r o f i l e .
B. A. IBRAHIM and H. D. SCOTT
Completion Report to the U. S. Department of  :he In te r io r ,  Geolog­
ical Survey Reston, VA, June 1990.
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INTRODUCTION
There has been a continuous, steady growth in the poult ry 
industry in Arkansas over the las t  few years. Table 1 shows the 
summary data of th is  agr icu l tu ra l  industry since 1984. I t  is 
evident that b ro i le rs  are by fa r  the most dominant l ine  of  poul try  
production in the state and that the average growth rate is about 
32.7 m i l l io n  b ro i le rs  per year.
Table 1. The number of  chickens, turkeys and bro i le rs  
produced in Arkansas from 1984 - 1989.
Year Chickens Turkeys Bro i lers
1984 22,560
--- thousands -■ 
14,366 724,964
1985 23,755 16,000 759,963
1986 24,382 16,500 786,779
1987 25,343 18,000 878,574
1988 21,435 18,000 896,832
1989 22,967 19,800 920,498
Production of  th is  large number of  b ro i le rs  resul ts  in large
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quant i t ies of waste. Most of  th is  waste is d is t r ibu ted  over 
pasture lands to improve the y ie ld  of  forage because poult ry  waste 
contains an appreciable amount of  nitrogen, phosphorus and potas­
sium which are essential nutr ients  fo r  plant growth. The nitrogen 
in the applied l i t t e r  is transformed through bio logica l  means to 
NH4-N which in turn may be n i t r i f i e d  to N03-N. N i t ra te  is  a mobile 
anion in the soi l  and can be transported to streams through 
runoff ,  thus, endangering the supply of  drinking water. N i t ra te  
can also be taken up by plants, red is t r ibu ted wi th in the soi l  
p r o f i l e  or leached to underground water reservoirs .
A. Purpose and Obj ectives
The object ives of th is  research were to develop a PC/AT comput­
er model to simulate the fate and transport of  N compounds to the 
groundwater a f te r  land disposal of  poul try  l i t t e r ,  and to use the 
model to predic t the fate of these compounds under northwest 
Arkansas's weather and soi l  conditions.
B. Related Research and A c t iv i t ie s
Poultry l i t t e r  has been used successfully by many growers as a 
f e r t i l i z e r  fo r  pastures. I t  has been used as the only source of  
plant nu tr ien ts ,  as a supplemental source fo r  nu tr ien ts ,  and as a 
mulch fo r  the soi l  (Hileman, 1967). Extensive studies have been 
conducted to quanti fy  the chemical composition and f e r t i l i z e r  
value of poul try  l i t t e r  (Perkins et a l .,  1981; Hadas et a t . ,  1983;
3
Sims, 1986; Gale and Gilmour, 1986; Gilmour and Gale, 1986). Even 
though land disposal of  poult ry  l i t t e r  recycles nutr ients  back 
in to  the food production system, some concern has been expressed 
about the possible contamination of  domestic water supplies from 
the continuous and/or heavy appl icat ion of  the l i t t e r  on pastures.
Low rates of  poult ry  l i t t e r  appl icat ion usual ly do not produce 
high forage y ie lds  as shown by Huneycutt et a l . (1988); thus, 
farmers resort to high rates of  appl icat ion of  poul try  l i t t e r .  The 
data o f  Huneycutt et a l . (1988) fo r  applying poul try  l i t t e r  to 
t a l l  fescue (average of  4 years) are shown in Figure 1. Their data 
showed that  appl icat ion of  4 tons/acre of  poul try  l i t t e r  to t a l l  
fescue yielded a yearly  average of  2.63 and 4.2 tons/acre dry 
matter without and with i r r i g a t io n ,  respective ly . The re la t ionship  
between t a l l  fescue dry matter y ie ld  and rate of  poul try  l i t t e r  
appl icat ion can be approximated by the fo l lowing equations:
YI  = 0 . 5 4 X  +  2 . 0 1  (1)
Yn = 0 . 3 8X  + 1 . 2
where YI and YN are the dry matter y ie ld  in tons/acre fo r  the 
i r r ig a te d  and non- i r r igated t a l l  fescue, respective ly , and X is 
the l i t t e r  appl icat ion rate in tons/acre. Equation (1) is fo r  the
4
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Fig. 1 - Effect of poultry l i t t e r  application rate on 





























i r r ig a te d  case with an R-square of 0.998, whereas equation (2) 
represents the non- i r r igated case with an R-square of 0.983. I t  is 
clear that both l i t t e r  appl icat ion rate and water content in the 
so i l  a f fec t  the average dry matter y ie ld .
Siegal et a l . (1975) found that high appl icat ion rates re ­
sulted in reduced y ie lds  of  forage due to the t o x i c i t y  of ur ic  
acid that is contained in the l i t t e r .  The thought is that N and 
P - in the form of  n i t ra te  and phosphate - from the poult ry  l i t t e r  
applied in excess of  forage requirement leaches below the root 
zone or occurs in runoff ,  and therefore, may move to both surface 
and subsurface water sources.
The mob i l i ty  of  N and P to dr inking water sources has become a 
focus of  several research studies in l i g h t  of the growing emphases 
on environmental qua l i ty  and po l lu t ion  contro l .  Recent reports of 
contamination of  domestic water supplies were c ited in Liebhardt 
et a l . (1979) and R i t te r  et a l . (1984).
An important area of  research that has been given l i t t l e  
a t tent ion is the simulation of poul try  l i t t e r  decomposition under 
f i e l d  condit ions. A number of  empirical models (Shaffer et a l ., 
1972; Duffy, 1972) and mechanistic models (Mehran and Tanj i ,  1974; 
Davidson et a l .,  1978; Tanji and Gupta, 1978; T i l lo tson  et a l ., 
1980; Kaluarachchi et a l .,  1988; Nofziger et a l ., 1989) are 
avai lable fo r  the transformation of f e r t i l i z e r  nitrogen and i t s
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concurrent transport with soi l  water. Modeling nitrogen t ra n s fo r ­
mations from poult ry  l i t t e r  and th e i r  subsequent transport through 
the soi l  p r o f i l e  is important in the assessment of  the influences 
of heavy and/or continuous appl icat ion of  poul try  l i t t e r  on pas­
tures. To understand and quant i fy the magnitude of  the potential  
hazards caused by the overuse of  poul try  l i t t e r  and i t s  decompo­
s i t io n  by-products, i t  is important to simulate the processes that 
control the movement of these by-products from the soi l  surface to 
the groundwater. Many factors contr ibute to the degradation of 
poul try  l i t t e r  when applied to pastures. These include r a i n f a l l ,  
a i r  temperature, humidity, soi l  temperature, microbial population 
present in the s o i l ,  and soi l  physical and chemical propert ies.  
These so i l  and meteorological factors play a c r i t i c a l  ro le in 
determining the potentia l  fo r  n i t ra te  po l lu t ion  of  both surface 
and underground water sources (Wolf et a l ., 1988).
Most of the physical,  chemical, and bio logical  processes that 
the l i t t e r  undergoes in the f i e ld  are dependent on the prevai l ing 
environmental conditions and general ly re f le c t  the integrated 
e f fec t  of  these factors on the rates of  poult ry  l i t t e r  t rans­
formations. A possible N transformation scheme of  poul t ry  l i t t e r  
is shown in Figure 2.
Poultry l i t t e r  normally contains about 4% nitrogen. Roughly 
70% of  th is  nitrogen is in the form of  complex organic nitrogen,
7
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28% is in the form of la b i le  organic nitrogen and 2% as inorganic 
nitrogen mainly NH4-N. The complex organic form is mainly the 
bedding material which decomposes slowly. The la b i le  form is 
represented by the urea and ur ic  acid which mineral izes to plant 
avai lable forms such as NH4-N and N03-N rap id ly .  The inorganic 
form is avai lable to plants d i re c t l y  a f te r  appl icat ion. A l l  of 
these forms of nitrogen resu l t  in the d i rec t  formation of NH4-N 
and almost no N03-N. The NH4-N is then subjected to a number of  
possible pathways which include: 1) n i t r i f i c a t i o n  to N03-N by soi l  
microorganisms, 2) f ixed by the soi l  clay pa r t ic les ,  3) absorption 
by plants, 4) los t  to the a i r  by v o la t i l i z a t i o n  and, 5) r e d i s t r i b ­
uted through the soi l  p ro f i le  and eventual ly leached from the pro­
f i l e .  The N03-N produced through the n i t r i f i c a t i o n  process is also 
subjected to 1) d e n i t r i f i c a t io n ,  2) plant uptake and, 3) r e d i s t r i ­
bution w i th in  the soi l  p ro f i le  and subsequent leaching.
THE COMPUTER MODEL DEVELOPMENT
A. Description of the Computer Model
The poult ry l i t t e r  decomposition and transport model consists 
of a main program, seventeen subroutines, and three subprogram 
functions. A block diagram of the model is shown in Figure 3. This 
model is an extensive modif icat ion of the s impl i f ied  model for
9
Fig. 3 - A block diagram o f the computer model
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predict ion of  nitrogen behavior and transport in the land t r e a t ­
ment of  municipal e f f luen t  wastewater that was developed by Selim 
and Iskandar (1980). The model developed by Selim and Iskandar 
(1980), wr i t ten  in FORTRAN 77, was designed to simulate a weekly 
appl icat ion of  5 cm of wastewater that contained a known concen­
t ra t io n  of  NH4-N and N03-N.
The major modif icat ions of  Selim and Iskandar (1980) model 
included the addit ion of  a weather subroutine, a poul try  l i t t e r  
decomposition subroutine, a temperature subroutine and revis ion of 
the main program.
The weather subroutine was added to update the water f lu x  at 
the soi l  surface on a da i ly  basis, and to calcu late the da i ly  
evapotranspirat ion (ET) depending on the actual meteorological 
parameters. In the or ig ina l  model of  Selim and Iskandar (1980) 
da i ly  ET was constant.
The poul try  l i t t e r  decomposition subroutine supplies the NH4-N 
and N03-N as they become avai lable from the poul try  l i t t e r  over 
time to the soi l  surface fo r  decomposition and transport .  The rate 
of  mineral izat ion of the organic nitrogen in the poult ry  l i t t e r  is 
dependent on the prevai l ing weather variables.
The temperature subroutine calculates the soi l  temperature 
d is t r ib u t io n  over depth and time. Soil temperature is used to 
predict the effects  of temperature on the n i t r i f i c a t i o n  and
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d e n i t r i f i c a t i o n  processes that occur in the soi l  p r o f i l e .
The main program of the computer program was also changed to 
incorporate a l l  of the necessary modif icat ions that have been 
introduced.
Much of our modif icat ions to the computer program were done on 
an IBM PC/AT. Even with a math co-processor a simulation using 
seven days of  weather requires 4 to 6 hours. The primary reason 
fo r  th is  are the extensive computations needed fo r  the solut ion of 
the f i n i t e  di f ference equations used to describe the transport of 
water, NH4-N, N03-N and heat in the soi l  p ro f i l e .  Later the com­
puter program was transferred to a SUN SPARCSTATION that has a 
compatible FORTRAN 77 compiler. On the SUN system, i t  takes 4 to 6 
hours to simulate six months of weather, and fo r  th is  reason the 
program was transferred to run on the SUN system. However, the 
computer program w i l l  run on an IBM PC/AT or a compatible system.
The modif icat ions that have been introduced in th is  model were 
intended to c losely address the actual N decomposition pathways 
that the poul try  l i t t e r  undergoes under f i e l d  condit ions. There­
fore, th is  model was ta i lo red  towards the information that comes 
from actual f i e l d  data sets. To be able to consider most of the 
factors that determine the fate of N decomposition in poul try  
l i t t e r  by-products, th is  model uses actual weather data sets, 
varying physical soi l  charac te r is t ics ,  varying plant uptake
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patterns and microbial degradation constants. These are some of 
the advantages that our model has in comparison to others or even 
to the o r ig ina l  model. The fol lowing is a b r ie f  descr ipt ion of 
each of the subroutines of the model.
1) The Main Program
The function of the main program is to read in the necessary 
input information fo r  the computer model. This information is 
contained in two input f i l e s ,  one fo r  the i n i t i a l  condit ions, and 
the other fo r  a l l  of the input parameters that are required by the 
subroutines fo r  water, soi l  propert ies, ammonium nitrogen, and 
n i t ra te  nitrogen.
The i n i t i a l  p ro f i l e  d is t r ib u t io n  of soi l  water content, soi l  
water pressure, NH4-N and N03-N concentrations is carr ied out by 
l inea r  in te rpo la t ion  over depth using the input data. At the 
beginning of  simulat ion, the weather subroutine updates the da i ly  
r a in fa l l  f luxes at the soi l  surface. The plant root extract ion 
function computes the plant uptake of water, NH4-N, and N03-N.
An adjustment of the time increment to meet the conversion 
c r i t e r i a  of  the numerical scheme is also carr ied out in the main 
program. This means that the i n i t i a l  approximation of  the time 
step increases rap id ly  when there is no rain and grows slowly when 
there is ra in .  Whenever there is ra in , the soi l  water pressure at 
the soi l  surface is decreased to zero or to a value that  corre-
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sponds to the moment when the soi l  water f lux  is less than the 
hydraul ic conduct iv i ty  at the soi l  surface. A da i ly  output of the 
d is t r ib u t io n  of soi l  water content, soi l  water pressure, and 
concentration d is t r ib u t io n s  of NH4-N and N03-N, along with the 
input parameters are stored in an output f i l e .
2) Subroutine IDIST
This subroutine u t i l i z e s  the i n i t i a l  input d is t r ib u t io n ,  i . e .  
i n i t i a l  condit ions, at any number of depths in the soi l  p r o f i l e ,  
in order to calculate the soi l  water pressure head, water content, 
NH4-N and N03-N concentration d is t r ib u t io ns  at incremental d i s ­
tances DZ (cm) fo r  the ent i re  soi l  p ro f i l e .  In th is  subroutine the 
ca lcu la t ions are carr ied out using l inea r  in te rpo la t ion  between 
the input data points. A f i r s t - o r d e r ,  in te rpo la t ing  polynomial 
that connects two data points with a s t ra igh t  l ine  is  used in th is  
program. The formula used is :
f 1(x) = f(x0) f ( x 1) - f(x0)
x 1  - x 0
(x - X0) (3)
where x0 and xx are the end points at the soi l  surface and at the 
bottom of  the p r o f i l e ,  and x is the interpolated value between the 
two known data points (Chapra et a l ., 1985).
3) Subroutine IDIST2
This subroutine is used in the event that the i n i t i a l  input 
data are not avai lable fo r  a l l  the variables at common soi l
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where R(z) is used to express root length density as a function of 
depth for al l times (cm/cm3). The parameter z (cm) in this mathe­
matical expression represents soil depth (positive downward). This 
mathematical expression for root distribution was obtained from 
f ie ld  measurements of root length with depth for a two-year-old 
mixture of reed canary grass and ta l l  fescue (Iskandar unpublished 
data, 1979). In this subroutine plant root distr ibution is ex­
pressed in terms of total root length per unit bulk volume of 
s o i l .
5) Subroutine WATER
This subroutine provides the solution of the Richard's (Chi­
lds, 1969) transient-state, water flow equation for a homogenous 
or layered soil prof i le using the Crank-Nicolson finite-dif ference
15
R ( z ) = 226 x e x p ( - 0 . 1  x  z)
depths. Each of the variables, i .e.  soil water pressure, soil 
water content, NH4-N, and N03-N, is treated separately so that i t  
can be entered at a different depth as compared to the other 
variables.
4) Subroutine ROOTS
This subroutine provides the plant root distr ibution in the 
soil prof i le .  As shown below, an exponential decay function is 
used to represent the root distribution
(4)
method as presented by Henrici, 1962; Varga, 1962; and Carnahan et 
a l ., 1969. The Richard's equation is formulated as follow:
 = - ^ [ K ( h )  | |  ] - - j ^K (h )  - A(z,0)
where
6 = soil water content (cm3/cm3) 
h = soil water pressure head (cm)
K(6) = soil hydraulic conductivity (cm/hr)
A(z ,6) = rate of plant water extraction (cm3/hr  cm3) 
t  = time (hr)
z = depth in the soil prof i le (cm)
Equation (5) is commonly known as the pressure-form of the water 
flow equation. This equation was chosen over the d i f fu s iv i ty  form, 
because i t  allows not only for saturated-unsaturated flow but i t  
also allows for soil s t ra t i f ica t ion or layering of the soil 
prof i le because h is continuous across soil horizons. In solving 
equation (5), the left-hand term must be transformed such that
= ( i ® ) ( i ^ )  = c(A)at 0/3 at at
where C(h) is the soil water capacity term (cm-1) which is the 
slope of the water retention curve. For multilayered profi les, the 
soil water hydraulic conductivity K(0) and the soil water capacity 




where z is the maximum depth of the root zone in the soil (cm), ET 
is the evapotranspiration rate per unit area of soil surface 
(cm/hr cm2), and R(z) (cm/cm3) is the root length density d i s t r i ­
bution as a function of depth in the soil prof i le which is calcu­
lated in the ROOTS subroutine.
Soil Surface Boundary Conditions
Two surface boundary conditions are usually encountered under 
f ie ld  conditions: 1) the pressure head boundary condition and 2) 
the water f lux boundary condition. These are discussed below:
1) pressure head boundary condition
This condition is used when water ponding, of some height h 
above the soil surface, is encountered. The pressure head may be 
considered as a variable with time, i.e.  h( t) ,  in order to allow 
for fluctuations of the pressure head during intensive ra in fa l l  or
A(z,d) = ETx R(z) x K(h)
f Z R(z) x K(h) dz Jo
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water in i t ia l  and boundary conditions must be specified. The 
in i t ia l  condition is dictated by the in i t ia l  distr ibution of 6 or 
h in the soil prof i le at some starting time. The boundary condi­
tions at the soil surface and at depth L below the soil prof i le 
must also be provided. The extraction or sink term A(z,0) for 
water uptake by plant roots in equation (5) is represented as f o l - 
l ows:
( 7 )
ir r iga tion :
Bottom Boundary Conditions
At depth L below the soil surface, three boundary conditions 
may be encountered : 1) an impervious barrier, 2) a soil p ro file  
extending to a great depth, and 3) a groundwater table.
1) Impervious barrier
This boundary condition is used when an impermeable layer ( 
e.g. a clayey or a fragipan layer) is encountered at some soil 
depth and water flow across such a barrier is negligible. Thus, 
the boundary condition for an impervious barrier may be expressed
h  = h 0 ( t )  ,




This boundary condition is also used when the soil surface is 
under suction, i .e . the water content at the surface is below 
saturation. In such case, h(t) is negative and is a measure of the 
soil water suction at the soil surface.
2) water f lux boundary condition
This condition is imposed when a constant or time dependent 
flux (or in tensity), q (t) ,  of ra in fa ll or irr iga tion  is applied at 
the soil surface. I t  also allows for evaporation between ra in fa ll 
or ir r ig a t io n  events. This boundary condition can be written as
(9)
as
This equation shows that fo r  an impervious boundary layer, the 
soi l  water f lu x  across depth L is zero.
2) Soil p r o f i l e  extending to a great depth
In th is  case, the soi l  p ro f i l e  is regarded as a sem i- in f in i te  
medium. Thus, i t  is assumed that at some great depth the change in 
soi l  water suction with depth is zero:
( 11)
Such a boundary condit ion may be used i f  the soi l  p r o f i l e  is wel l -  
drained and of  s ign i f ica n t  thickness.
3) Groundwater table
I f  a water table is encountered at depth L in the p r o f i l e ,  the 
water content, 6, is maintained at saturat ion ­θS at a l l  times. 
Therefore, the boundary condit ion fo r  a water table is
Furthermore, the soi l  water suction or pressure head is
(13)




where h I , hI I , and hII I are the pressure heads in layers I, I I ,  and 
I I I ,  respectively. These boundary conditions are necessary in 
order to maintain the continuity of the pressure head at the 
boundary interfaces.
In this computer program the bottom boundary condition for 
water flow in the soil prof i le is incorporated in the numerical 
scheme and is applicable for a semi-infinite prof i le .  The boundary 
condition used at the soil surface is the water f lux boundary 
condition which is provided from the main program using the daily 
ra in fa l l .
Rainfall was partitioned between runoff and in f i l t r a t io n  using
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conditions are needed in order to describe the water flow at the 
interface between soil layers in multilayered or s t ra t i f ied  soil 
profi les. For example, i f  we consider a soil prof i le consisting of 
three soil layers: I, I I ,  and I I I .  The thickness of each soil 
layer is indicated by L1, L2, and L3 and is shown in Figure 4.
The appropriate boundary conditions at the interface between two 
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the Soil Conservation Service (SCS) curve number method (1964).
The SCS method for computing runoff from total ra in fa ll data is as
fol lo ws:
Q = (I  - 0 .2 S)2 (16)
I  + 0 . 8S
where Q = direct surface runoff in cm,
I = storm ra in fa ll in cm, and 
S = maximum potential difference between ra in fa ll
and runoff in cm, starting at the time of the storm's 
beginning.
The term S was calculated from the following expression:
s  = 2540 - 2 5 . 4
N
where N is a curve number varying from 0 to 100 and can be ob­
tained from Table 4.1 of SCS (1964).
The surface boundary flux was set equal to either the i n f i l ­
tra tion rate when the weather records indicated ra in fa ll or to the 
evaporation rate on non-rainy days. This amount of water was added 
only to the f i r s t  node at the soil surface.
6) Subroutine WPROP
This subroutine provides the soil water properties for each 
soil layer in the p ro file . Mathematical expressions were used to 
describe the soil water properties for each soil layer. These
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(17)
propert ies include the hydraul ic conduct iv i ty  as a function of 
water content, water retent ion, and spec i f ic  water capacity. The 
hydraul ic conduct iv i ty  is described as:
where η and α are constants obtained by "best" f i t  o f  experimental 
data using van Genuchten computer program (van Genuchten, 1978). 
The soi l  water content-soi l  water pressure re la t ionsh ip ,  θ(h), was 
inferred from the fol lowing expression :
(19)
where a and b are constants obtained from "best" f i t  to the 
experimental data as described above, θS is the saturat ion water 
content (van Genuchten, 1978). D i f fe ren t ia t ing  equation (19) 
resul ts  in the spec i f ic  water capacity, C(h), which is the slope 
of the water re tent ion curve. I t  is calculated from the fo l lowing 
expression:
7) Subroutine AMONIA
This subroutine provides the numerical solut ion to the convec­
t ive-d ispers ion equation governing NH4-N transport and transforma­
t ion  under t rans ien t- f low  conditions using the Crank-Nicolson
23
( 2 0 )
(18)
f in ite -d iffe rence method.
The governing d iffe ren tia l equation for NH4-N transport is 
described as
d(0C) _ d [a r,dC-, d , . . „ x f l ,„ r, ~ dS _ \
s r -  '  s i I6 D f e ] '  s i ivC) '  9s i - ( 21)
where
C = concentration of NH4-N in soil solution [pg/
cm3)
D = solute dispersion coefficient (cm2/hr) 
v = soil water flux (cm/hr)
S = amount of NH4-N in the exchangeable phase per 
gram of soil (pg/ g) 
p = soil bulk density (g/cm3) 
k1 = kinetic rate of n i t r i f ic a t io n  (hr -1) 
qNH4 = rate of plant uptake of NH4-N per unit soil 
volume (g/cm3)
The f i r s t  two terms on the right-hand side of equation (21) ac­
count for solute transport, and usually are called the dispersion 
and mass flow terms, respectively. The th ird and fourth terms of 
the above equation account for n i t r i f ic a t io n  and ion exchange of 
NH4-N, respectively. The soil water flux v (cm/hr) was calculated 
from the following expression:
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v = q/e ( 2 2 )
where q is the Darcy flux density (cm3/cm2s), and 6 is the volu­
metric soil water content (cm3/cm3). The solute dispersion coeffi 
cient was calculated as a function of the water f lux (Hornsby et 
al ., 1973; van Genuchten et al ., 1974). The equation used was
D = 0 . 0 9  x v  + 0 . 1 (23)
Equation (23) was used to compute the dispersion coefficients for 
both NH4-N and N03-N.
The n it r i f ic a t io n  process was assumed to follow firs t-o rde r 
kinetics as suggested by McLaren (1970, 1971), Mehran and Tanji 
(1974), and Hagin and Amberger (1974). The kinetic rate of n i t r i ­
f ication was calculated from the relation;
k1 = k1 f1
(24)
where k1- is a constant input for each soil layer, and f 1 is an 
empirical function which describes the influence of the different 
environmental factors on n i t r i f ic a t io n .  The value of f 1 was calcu­
lated using the Hagin and Amberger (1974) relation as follows:
The ion exchange process that governs NH4-N adsorption-desorption 
was assumed to be of the linear Freundlich type, i .e . ,
Thus, the rate of adsorption can be written as,
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where KD is the d istribution coefficient (cm3/g) and represents 
the ra tio  between the amount of NH4-N adsorbed by soil surfaces 
and its  concentration in the soil solution. Incorporation of 
equations (24) and (27) into (21), and the assumption that D is 
constant with respect to soil depth gives the simplified equation 
for NH4-N transport and transformation, which is
(28)
where R is known as the retardation factor for ammonium exchange 
and is defined as:
(29)
and V is expressed as:
(30)




equation (28), the in i t ia l  and boundary conditions must be speci­
fied. During ra in fa ll or ir r iga tion , the boundary condition at the 
soil surface is represented as:




Cs = NH4-N concentration in the applied l i t t e r  (/xg
N/cm3)
v = q (t) ,  flux or intensity of ra in fa ll or i r r i ­
gation (cm/hr)
T = duration of ra in fa ll (hr)
Following the termination of the ra in fa ll event ( t  > T), the 
surface boundary condition becomes;
4 ^  = 0 , z = 0 , t  > T  
dz
(32)
At the bottom of the pro file  (z = L), the lower boundary condition
is:
¥  = 0 , z  = L , t  > T  dz
(33)
In addition, the boundary conditions at the boundary interface 
between soil layers (see Figure 3) may be written as
CI = C I I> Z = L1, t > 0 0 (34)
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and
CII =CIII Z  = L 1, + L2, t  > 0 (35)
where the subscripts I, I I ,  and I I I  refer to the f i r s t ,  second, 
and th ird  soil layers, respectively. Similar to the water flow 
equation (5), equations (34) and (35) are needed in order to 
maintain the continuity of NH4-N concentration at the boundary 
interface.
The AMONIA subroutine also calculates the ammonium uptake by 
plant roots. The sink term qNH4 in equation (21) accounts for the 
rate of plant uptake of NH4-N. The Michaelis-Menten equation was 
used to determine the rate of N uptake as a function of root 
density and concentration of ammonium in the soil solution and is 
expressed as follows:
= I maxxC (36)
q N H 4  = [Km +  (C  + Y) ]
where Imax is the maximum rate of NH4-N uptake per unit root length 
(/xg/hr cm) when the concentration of N in the soil solution is 
extremely high, and Km is the Michael is constant (/xg/ml) which is 
the concentration of N at 1/2 Imax. Both Imax and Km were deter­
mined by measuring N uptake in solution cultures having different 
N concentrations (Claassen and Barber, 1976). The rate of n i t r i f i ­
cation and the distribution coefficient for ammonium exchange are
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obtained from functions ZZ1 and ZZ3 respectively.
8) Subroutine NITRAT
This subroutine provides the numerical solution to the convec­
tive-dispersion equation governing N03-N transport and transforma­
tion under transient-f low conditions using the Crank-Nicolson 
finite-dif ference method.




Y = concentration of N03-N in soil solution
C = concentration of NH4-N in soil solution
cm3)
D = solute dispersion coefficient (cm2/hr)
v = soil water f lux (cm/hr)
k1 and k2 = kinetic rate coefficients for n i t r i f i c a ­
tion and denitr i f icat ion for N03-N (hr '1), 
respectively
rate of plant uptake of N03-N per unit volume
Assuming that the solute dispersion coefficient D is constant with 
respect to soil depth and replacing v as
(38)
gives the following working equation
Equation (39) is similar to the NHA-N transport equation (28). The 
kinetic rate of deni tr i f icat ion k2 which was assumed to follow 
f i rs t -order kinetics was calculated with the following relation:
where K2 is a constant for each soil layer, and f 2 is an empirical 
function which describes the influence of the di fferent environ­
mental factors on deni tr i f icat ion and was calculated using the 
following relation:
where θS is soil water content at saturation (cm3/cm3).
To solve the ni trate transport and transformation equation, the 
in i t i a l  and boundary conditions must be specified. The in i t ia l  and 
boundary conditions are the same as those used for the ammonium 
transport and transformation equation.
The NITRAT subroutine also calculates the nitrate uptake by 





Michaelis-Menten equation and is expressed as:
where Imax, Km, C, and Y are as defined previously. The rate of 
n i t r i f ic a t io n  k1 and rate of den itr if ica tion  k2 for n itra te  were 
obtained from functions ZZ1 and ZZ2 respectively.
9) Subroutine QSF
This subroutine performs the integration of a tabulated func­
tion Y given at equal distances H using Simpson's rule. The 
integration process starts by setting the integral to zero at the 
f i r s t  point of the function. I t  then uses an extended formula to 
approximate the integral between the f i r s t  and second points of 
the function that are separated by a distance H (Press et a l ., 
1986) as in
f Xlf(x)dx= h[ — f 1 - — f 2 + —A - — fj 
24 1 24 24 3 24 4
(43)
An extended Simpson's rule was applied over the rest of the 
function's range.
10) Subroutine TRIDM
This subroutine solves the tridiagonal system of equations 
that results from the f in i te  discretization of the water flow, 
heat flow, NH4-N, and N03-N flow equations. The matrix solver is 
an adaptation of the Gaussian algorithm as described by Henrici,
ImaxY= _________ max ________





This subroutine organizes the input and output of the weather 
information and sets up the constants that are necessary for the 
calculation of potential evapotranspiration as defined by Hargre­
aves et a l ., 1982. I t  calls subroutines READIT, EVAPO, and DAYOFY.
12) Subroutine READIT
This subroutine reads in the weather data in the order of 
year, day of the year, maximum and minimum a ir  temperatures, and 
ra in fa l l .  Conversion from Centigrade to Fahrenheit is calculated 
automatically i f  the a ir temperature is read in degrees Centi­
grade.
13) Subroutine EVAPO
This subroutine provides an estimate of the potential evapot­
ranspiration based on an estimation of solar radiation, an e s t i­
mated re lative humidity term, and an average a ir temperature for 
any particular day as given by
1/2 (44)
ETP  = 0 . 0 0 7  5 x RAD x T  x K T  x TD 1/2
where
RAD = extraterrestria l radiation (mm/day) 
T = mean a ir temperature (°C)
KT = temperature coefficient
32
TD = mean maximum temperature minus mean minimum temperature
( ° C )
The temperature coefficient is dependent on relative humidity and 
is calculated from
K T  = 0 . 0 3 5  x (1 0 0  -  RH) 1/3
where RH is the mean monthly relative humidity in percent for 
values of relative humidity of 54% or more. For values of less 
than 54%, KT does not change s ignificantly  with re lative humidi­
ty. The actual evapotranspiration was assumed to be 85% of the 
potential evpotranspiration.
14) Subroutine DAYOFY
This subroutine provides the conversion from day of the year 
to standard time, taking into account leap years.
15) Subroutine TEMP
This subroutine provides the solution to the soil heat-flow
equation which is
pCp- = - [K()-]
where
Cp = gravimetric heat capacity (cal/g °C) 
T = temperature (°C)




To solve equation (46), the in i t ia l  and boundary conditions 
must be specified. The upper boundary conditions for soil tempera­
ture are calculated from the method presented by Kirkham and 
Powers (1972). That is, for a 24-hour cycle, the surface tempera­
ture is
where
Ts = soil surface temperature (°C)
Ta = mean measured temperature at soil surface for a given 
time period (°C)
7 = amplitude of sine wave (°C), and
t = time (hr)
Values of Ta are taken as the mean average temperature for a 
given day that comes from the weather subroutine. The bottom 
boundary condition for soil temperature is assumed equal to a 
constant temperature measured in the pro file , i .e . ,  a known input 
temperature.
16) Subroutine POULT
The function of this subroutine is to partit ion the applied 
poultry l i t t e r  into the portion that is readily available for 
transport, and the portion that undergoes mineralization and w ill 
be available for transport over time. Poultry l i t t e r  contains
T s= T a + Ys i n - ^ ts a l  24 (47)
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various N forms which are mineral ized at d i f fe re n t  rates as 
indicated by Wolf et a l . (1988). Nitrogen minera l izat ion from the 
poul try  l i t t e r  was assumed to fo l low three decomposition stages, 
fas t ,  intermediate, and slow (Gale et a l .,  1986). This assumption 
was based on a 1:1 correspondence between C and N decomposition in 
the poult ry  l i t t e r  (Gilmour, 1989, personal communication). The 
exponential equation used to describe poult ry  l i t t e r  decomposition 
i s
NH4 = N H 4 (0 )  x e x p  ( - k t ) (48)
where NH4 is the concentration of  the released NH4-N (/xg/cm2),
NH4(0) is the i n i t i a l  concentration of  NH4-N in the poul try  
l i t t e r ,  t  is time (days), and k is a rate constant fo r  the decom­
posi t ion process and is evaluated using a modified Arrhenius 
equation as (Gale et a l ., 1986):
k  = e x p  ( A / T  + B) (49)
where exp(B) is the frequency fac tor ,  and the absolute value of A 
is the ra t io  of the act iva t ion energy to the gas constant.
17) Subroutine OUTPUT
This subroutine pr in ts  the results from the model predict ions 
on a da i ly  basis. The output could be modified to any time i n t e r ­
va l.  The output is stored in two f i l e s .  One fo r  p r o f i l e  d is t r ib u -
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t ion  of soi l  water content, soi l  water pressure, soi l  water f lux ,  
NH4-N, and N03-N, while the other contains the mass balance of 
these parameters on a da i ly  basis. The output subroutine also 
calculates the to ta l  amounts of nitrogen in various parts of the 
soi l  system and the nitrogen taken up by plants.
18) Function ZZ1
This function subprogram provides the rate of n i t r i f i c a t i o n  of 
NH4-N as a function of soi l  water pressure fo r  the ind iv idual soi l  
layers as described by equation (22). No account was given to the 
ind iv idual  depth.
19) Function ZZ2
This function subprogram provides the rate of d e n i t r i f i c a t io n  
of N03-N as a function of  soi l  water content fo r  the individual 
soi l  layers as described by equation (38).
20) Function ZZ3
This function subprogram provides the re tardat ion fac tor  fo r  
the ammonium exchange as a function of soi l  water content and bulk 
density of  the indiv idual soi l  layers as described by equation 
(27).
B. Input Parameters to the Model
A dr ive menu was wr i t ten  to assist the user in running the 
computer program. The input data to the model can be entered from 
the keyboard in te rac t ive ly  or from a formatted input f i l e  using
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the menu. The input data f i l e s  can be modified fo r  any pa r t icu la r  
case by ed i t ing them using any tex t  ed i to r  and saving them as an 
ASCII f i l e s .  Input parameters used in the simulation of  poult ry  
l i t t e r  N decomposition and transport are l i s te d  in Table 2. Some 
of the physical properties of  the soi l  p ro f i l e  that are used in 
th is  simulation are l i s te d  in Table 3.
C. Output Parameters of the Model
The output from the model simulation is stored in a f i l e  fo r  
l a te r  manipulations. A sample output of  the model is shown in 
Table 4.
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Table 2. Input parameters used fo r  the simulation of poul try
l i t t e r  decomposition and N transport in a Captina s o i l .
Parameter Numeric value
I n i t i a l  time step 0.01 hr
I n i t i a l  depth increment 1.0 cm
Total so i l  depth 150.0 cm
Depth to the f i r s t  layer 15.0 cm
Depth to the second layer 45.0 cm
Plant nitrogen uptake 0.001
Michael is constant 1.0 ^g/cm**3
l i t t e r  appl icat ion rate 4.0 ton/acre
Poultry l i t t e r  organic nitrogen content 4.0 %
Solute dispersion coe f f ic ien t 2.5 cm**2/hr
Duration of  r a in fa l l  event on rainy days 10.0 hrs
Total simulat ion time 262.0 days
Time fo r  output 24.0 hrs
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Table 3. Input parameters fo r  the soi l  p ro f i l e  used in the
simulation of  the decomposition of N in poul try  l i t t e r .
Parameter F i rs t  layer Second layer Third layer
Eita 0.614E-7 0.306E-8 0.504E-8
Alpha 30.0 39.0 33.0
a 100.0 40.0 30.0
b 1.0 1.0 1.0
Bulk density 1.33 1.41 1.51
Saturated water content 0.508 0.46 0.44
NH4-N d is t r ib u t io n  coe f f ic ien t 0.25 0.25 0.25
NH4-N n i t r i f i c a t i o n  rate 0.10 0.10 0.10
N03-N d e n i t r i f i c a t io n  rate 0.01 0.01 0.01
39
Table 4. A sample output from the model.
TIME, DAYS = 1.0
DEPTH PRE. HEAD SOIL WATER FLOW VEL NH4-N CONC NONO3-N CONC
CM CM CM̂ 3/CM^3 CM/HR MICR0G/CM^3 MICR0G/CM^3
0 -66.82 0.30 0.0000 11.379 11.152
10 -52.89 0.33 0.0001 9.302 11.518
20 -44.12 0.22 0.0000 4.903 11.455
30 -62.49 0.18 0.0000 2.745 11.351
40 -80.83 0.15 0.0000 1.452 10.102
50 -85.71 0.11 0.0000 0.807 8.591
60 -77.14 0.12 0.0000 0.691 7.514
70 -68.57 0.13 0.0000 0.626 6.611
80 -60.00 0.15 0.0000 0.560 5.720
90 -51.43 0.16 0.0000 0.491 4.845
100 -42.86 0.18 0.0000 0.419 3.992
110 -34.29 0.21 0.0000 0.343 3.159
120 -25.72 0.24 0.0000 0.265 2.345
130 -17.15 0.28 0.0000 0.183 1.566
140 - 8.61 0.34 0.0000 0.102 0.914
150 0.00 0.44 0.0001 0.065 0.631
TOTAL N0 -3 NITROGEN IN SOIL SOLUTION PHASE, MICROGRAMS = 188.572
TOTAL NH-4 NITROGEN IN SOIL SOLUTION PHASE, MICROGRAMS = 73.480
TOTAL NH-4 NITROGEN IN EXCHANGEABLE PHASE, MICROGRAMS = 52.419
TOTAL NH-4 NITROGEN IN THE SOIL PROFILE, MICROGRAMS = 125.899
TOTAL NITROGEN DENITRIFIED, MICROGRAMS = 0.284
TOTAL NITRATE NITROGEN UPTAKE, MICROGRAMS = 23.726
TOTAL AMMONIUM NITROGEN UPTAKE, MICROGRAMS = 25.307
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The computer model was used to simulate the expected resul ts  
of an addit ion of poult ry l i t t e r  to a t a l l  fescue pasture. The 
input parameters fo r  the model are shown in Tables 2 and 3. The 
soi l  p ro f i l e  was assumed to have three d is t in c t  layers. The 
simulation period extended from 13 October, 1989 to 30 June 1990.
The poult ry  l i t t e r  was applied under f i e l d  condit ions at a 
rate of  4 tons/acre to three t a l l  fescue plots on 13 October, 1989 
at the Main Agr icu l tura l  Experiment Stat ion at Fayet tev i l le .  The 
soi l  was a Captina s i l t  loam.
The monthly ra in fa l l  at the experimental s i te  is shown in 
Figure 5. Using the SCS curve number method, the computer program 
part i t ioned th is  ra in fa l l  in to e i ther  runoff  or i n f i l t r a t i o n .  The 
Captina soi l  was assumed to belong to the hydrologic soi l  group D 
and under pasture with good hydrologic condit ions. The curve 
number that represents these conditions from Table 4.1 of  the SCS 
(1964) was found to be 80. The predicted runoff ,  the measured 
runof f  and ra in fa l l  at the experimental s i te  are shown in Figure 
6. I t  is clear that except fo r  March, 1990 the predicted runoff  
was s l i g h t l y  higher than the measured runoff .  This discrepancy 
could be due to the choice of the curve number from Table 4.1 of 
the SCS (1964) or to the fact that th is  curve number is not
41
RESULTS AND DISCUSSION
TIME (m o n th )
Fig. 5 - Monthly r a in fa l l  at the Main Agr icu l tura l  Experiment 
Station at Fayet tev i l le .
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appropriate for  th is  f i e ld  s i tuation. I t  might also be due to the 
d i f f i c u l t y  of monitoring the runoff volumes from the f ie ld  plots 
especial ly during the high and intense ra in fa l l  events during 
March, Apri l  and May, 1990. During these months the ra in fa l l  was 
19.3, 21.3 and 30.6 cm for March, April  and May, respectively.
Some individual showers added about 10 cm of rain water during one 
day. These intense ra in fa l l  events overflooded the catchment 
devices several times during these months.
The organic nitrogen mineral izat ion process in the poultry 
l i t t e r  as predicted by the exponential decay function is shown in 
Figure 7. Using a one to one correspondence between carbon and 
nitrogen decomposition, i t  is evident that NH4-N is produced at a 
higher rate during the f i r s t  seven days af te r  appl icat ion espe­
c ia l l y  when ra in fa l l  occurs soon after  appl icat ion of the poultry 
l i t t e r .
The predicted concentration of NH4-N mineralized from poultry 
l i t t e r  as a function of time is shown in Figure 8. As expected the 
easi ly degradable f ract ion of the l i t t e r ,  which is the urea and 
ur ic acid, was mineralized quickly during the f i r s t  seven days.
The complex f ract ion of the poultry l i t t e r  on the other hand 
persisted for  a longer time.
The predicted NH4-N concentration in the soi l  p ro f i le  for  the 




















Fig. 7 - Poultry l i t t e r  organic nitrogen m in e ra l iza t io n  as a 
function o f time.
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Fig. 8 - NH4-N released from the poultry  l i t t e r  as a 
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t ra t io n  of  NH4-N in the soi l  p ro f i l e  was assumed to be 25, 6 and 0 
Mg in the f i r s t ,  second and th i rd  soi l  layers, respectively. The 
i n i t i a l  concentration of NH4-N in the p ro f i l e  should be provided 
by the user at the beginning of the simulation period. Since NH4+ 
is a react ive cation, i t  is subjected to conversion to NH3 and 
loss through v o la t i l i z a t i o n ,  adsorption and f i x a t io n  by clay 
minerals through cation exchange and also to the bio logical  
conversion to N03-N and plant uptake. As shown in Figure 9, NH4-N 
disappeared from the topsoi l  rap id ly  as i t  became avai lable 
through minera l izat ion of the poul try  l i t t e r .  The predicted long­
term concentration o f  NH4-N in the soi l  p ro f i l e  is  shown in Figure 
10. Concentration of NH4-N decreased considerably during the f i r s t  
month a f te r  appl icat ion and approached neg l ig ib le  levels therea f­
te r .  I t  is in te rest ing  to see that much of  the predicted NH4-N 
that was in the p r o f i l e  a f te r  30 days occurred in the lower 
port ion of  the soi l  p r o f i l e .  This indicates that the NH4-N in the 
upper port ion of the p ro f i l e  was subjected to loss by conversion 
to N03-N, extract ion by plants, or v o la t i l i z a t i o n  loss as NH3.
Contrary to the NH4+ , N03 is a non-reactive anion in the s o i l ,  
thus, i t  is mobile in the soi l  p ro f i l e  and is also subjected to 
losses by d i rec t  plant uptake, d e n i t r i f i c a t io n  to N02 and leaching 
to the groundwater. The predicted N03-N concentration in the soi l  
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Fig. 10 - NH4-N concentration d is t r ib u t io n  in the so il as a 
function of depth and time fo r  four months.
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Fig. 11 - N03-N concentration d is t r ib u t io n  in the so il as a func­
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the p ro f i l e ,  but at a slower rate as compared to NH4-N (Figure 9). 
This is due to the high rate of NH4-N conversion to N03-N and the 
fact that the movement of soi l  water was low during th is  period, 
except on day 6. N i trate persisted fo r  a long time in the p ro f i l e  
(Figure 12) and at higher concentrations as compared to the NH4-N.
The to ta l  ni trogen content in the soi l  p ro f i l e  during the 
f i r s t  three weeks of  the simulation period is shown in Figure 13. 
On day 6 there was a f lush of NH4-N which v e r i f ie d  the importance 
of ra in fa l l  at the time of poul try  l i t t e r  appl icat ion. This sug­
gests that i f  no ra in fa l l  occurred soon a f te r  appl icat ion of  the 
l i t t e r ,  most of the mineralized nitrogen would be los t  through 
v o la t i l i z a t i o n  as NH3. In the s i tua t ion presented here, the f i r s t  
r a in fa l l  event occurred on day 6 and was about 0.025 cm of  ra in. 
The e f fec t  o f  th is  rain can be seen in Figure 13 where on day 6 a 
f lush of NH4-N was injected at the soi l  surface, even though i t  
was small. Thereafter, the predicted NH4-N concentration continued 
to decl ine, ind icating that i t  was subjected to the above men­
t ioned loss pathways. The N03-N concentration, on the other hand 
started to increase at the beginning, but the uptake by plants and 
the d e n i t r i f i c a t io n  loss resulted in a lower concentration in the 
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Fig. 12 - N03-N concentration d is t r ib u t io n  in the so i l  as a 
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Fig. 13 - Total n itrogen in the p r o f i le  during the f i r s t  three 
weeks a f te r  app lica tion .
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The predicted N03-N plant uptake was higher than that of the 
NH4-N as shown in Figure 14. This is due to the fact that much of 
the NH4-N that had been released was vo la t i l i z e d  and that under 





















Fig. 14 - NH4-N and N03-N uptake by plants as a function  o f time.
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The simulat ion resul ts  from the computer model indicated that 
the decomposition by-products of  the poult ry  l i t t e r  are sensi t ive 
to the preva i l ing  weather conditions. Runoff resul ts  ind icate that 
the model predict ions were adequate, given the uncertainty in the 
measured data. Low ra in fa l l  at the time of  l i t t e r  appl icat ion 
resulted in loss of  most of  the applied nitrogen by v o l a t i l i z a ­
t ion .  The NH4-N was los t  from the soi l  p ro f i l e  at a higher rate 
compared to the N03-N. The N03-N persisted fo r  a longer time in 
the p r o f i l e  ind ica t ing that i f  r a in fa l l  was high during the 
appl icat ion time of  the l i t t e r ,  a port ion of  i t  w i l l  red is t r ibu te  
in the so i l  p r o f i l e  and perhaps moves to the groundwater.
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